The recent availability of long equilibrium simulations of protein folding in atomistic detail for more than 10 proteins allows us to identify the key interactions driving folding. We find that the collective fraction of native amino acid contacts, Q, captures remarkably well the transition states for all the proteins with a folding free energy barrier. Going beyond this global picture, we devise two different measures to quantify the importance of individual interresidue contacts in the folding mechanism: (i) the log-ratio of lifetimes of contacts during folding transition paths and in the unfolded state and (ii) a Bayesian measure of how predictive the formation of each contact is for being on a transition path. Both of these measures indicate that native, or near-native, contacts are important for determining mechanism, as might be expected. More remarkably, however, we found that for almost all the proteins, with the designed protein α 3 D being a notable exception, nonnative contacts play no significant part in determining folding mechanisms.
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funnel | internal friction | frustration | reaction coordinate | G o models P rotein folding theory and simulations of coarse-grained models have yielded many insights into the principles that allow a protein to fold rapidly to its native state (1) (2) (3) (4) (5) (6) (7) . To a great extent, such models have also been successful in reproducing and helping to interpret experimental data. Nonetheless, to be amenable to analytical solution, or to simulations of limited computational complexity, they required certain simplifying assumptions. One of the most powerful assumptions is that only native contacts play a significant role in determining the folding mechanism; this statement is motivated by the so-called "principle of minimal frustration" (1) ; that is, the folding energy landscape of proteins has been designed by evolution such that the energy is correlated as far as possible with the nativeness of the structure, with local traps due to misfolding or nonnative interactions being reduced or eliminated [leading to a relatively smooth, "funneled" energy landscape (8) ]. This assumption is also the basis for using G o-type models (9) , where only residue-residue contacts present in the native state are energetically favorable by design, leading to a perfect correlation of energy and nativeness (10) . These models have successfully predicted a wide range of properties (11) , including experimental ϕ-values probing the protein folding mechanism (12) , hydrogen exchange protection factors (13) , the mechanism of protein-protein association (14, 15) , domain swapping (16) , and misfolding in multidomain proteins (17) , to list a few. The same assumption underlies the use of even further simplified Ising-like theoretical models for protein folding based on the native structure (18) (19) (20) and motivates the use of low-dimensional models to interpret folding experiments (21) and simulations (22) .
This native-centric assumption even underlies the interpretation of experimental folding ϕ-values in terms of native structure formation (23) . That is not to say that nonnative contacts play no role in folding; indeed, in a free energy landscape description, making and breaking nonnative contacts may slow folding by increasing the free energy barrier height or by decreasing the effective diffusion coefficient on the energy landscape (24) (25) (26) (27) . It has even been shown that in some circumstances, weak nonnative interactions may accelerate folding by lowering the free energy barrier (22, (28) (29) (30) . Despite its many successes in explaining experimental results, the assumption that nonnative contacts do not play any specific role in the folding mechanism of natural proteins is hard to test explicitly and has indeed often been questioned (31) (32) (33) . For example, nonnative contacts have been implicated in the folding of the protein Im7 (34) , based on the experimental observation of "nonclassical" ϕ-values, and several groups have postulated the importance of specific nonnative contacts for the folding of knotted proteins (35, 36) . Moreover, although a funneled landscape will certainly facilitate folding, alternative scenarios in which specific nonnative contacts help to guide folding cannot be ruled out a priori.
Molecular dynamics (MD) simulations allow us to examine folding mechanisms in atomistic detail (37) , particularly now that simulation techniques have advanced to sample the millisecond time scale (38) (39) (40) (41) . The recent publications by Shaw and coworkers (40-44) of atomistic folding trajectories for more than 10 relatively small proteins provide us with a valuable resource. These MD simulations used a transferable force field in which every atom was represented and the protein was surrounded by an environment of explicitly represented water molecules. Therefore, these systems represent the ultimate level of detail and accuracy that is currently computationally accessible, albeit only on the specialized computers developed by the Shaw group (45) . Because the trajectories were obtained from long equilibrium simulations at constant temperature, there is no question of mechanism bias due to the sampling method within the given context of the empirical energy function being used. These successful equilibrium folding simulations have many implications, including the possibility of testing methods for enhancing sampling
Significance
Understanding the mechanism by which proteins fold to their native structure is a central problem in protein science. Clearly, interactions between residues that are in contact in the folded state (native interactions) are likely to be important for folding, but, in principle, nonnative interactions may play a role. Here, we use recently published microsecond to millisecond all-atom molecular dynamics simulations of proteins folding and unfolding to show, remarkably, that nonnative contacts are irrelevant to the mechanism of folding in most cases. This statistical analysis would be very difficult to perform by experiment. Although this is a limited set of proteins, the results nonetheless strongly support coarse-grained theoretical and simulation models of folding in which only native contacts are energetically favorable.
of folding events (46, 47) . For our present purpose, they may be used to ascertain whether nonnative contacts play any specific role in determining folding mechanism, provided an appropriate metric can be devised. In the accompanying paper, the distribution of folding mechanisms predicted by the molecular dynamics simulations for the villin headpiece subdomain are compared with those of an Ising-like model that makes the G o assumption (48) .
The outline of this paper is as follows. We first examine how well the fraction of native amino acid contacts, Q (49), performs as a reaction coordinate for folding. Defined as the fraction of heavy atoms proximal in the native structure that are in close spatial proximity at some instant in time, Q is commonly used in combination with G o models for folding, where it is a natural choice that is usually very successful (22, 25, 50, 51) . Although it is not at all obvious that Q would be a good reaction coordinate for all-atom simulations in which nonnative interactions are fully accounted for, we find that for all the proteins with an energy barrier and having at least 20 residues, Q is a remarkably good coordinate. Because Q is a global measure and does not (as we show) preclude nonnative contacts from also playing a relevant role, we have devised additional measures that can be used to quantify the importance of every pair of residue-residue contacts on folding transition paths (TPs): the rare reactive portions of the trajectories crossing between the unfolded and folded states that contain the mechanisms of folding. The first of these measures is based on the lifetimes of contacts on TPs relative to the unfolded state, whereas the second is a Bayesian criterion for how much a given contact determines the likelihood of being on a TP. Both criteria establish that native contacts do indeed play a dominant role on folding TPs. Most surprisingly, we find that nonnative contacts appear to be unimportant, in almost all cases, for determining folding mechanism. For most of the proteins, neither criterion reveals any significant role for nonnative interactions. However, for one designed protein, α 3 D, we find that nonnative contacts are an integral part of the folding mechanism. This latter finding is consistent with the idea that designed protein sequences are selected to yield a stable folded structure, and not also to be minimally frustrated, as in naturally occurring proteins (52) (53) (54) .
Results and Discussion

Fraction of Native Contacts Is a Good Folding Coordinate for Atomistic
Simulations. The fraction of native contacts, Q, is a natural choice of reaction coordinate for G o-type models in which the energy is strongly correlated with Q; indeed, it often is a good reaction coordinate in those cases (a precise definition of Q is provided in SI Appendix). To test whether it is also a good coordinate for atomistic simulations, we use a Bayesian criterion based on TP theory (55) , which has previously been used, e.g., to assess reaction coordinates for folding (50) , coupled folding and binding (15, 56) , conformational transitions (57), and water transport in nanotubes (50) . To illustrate the formalism of testing Q as a reaction coordinate for folding, we show in Fig. 1A long equilibrium folding simulations of a G o model of protein G (22, 58) (details are provided in SI Appendix) and also a part of the all-atom folding trajectories of the protein G variant studied by Shaw and coworkers (41) . We start by defining TPs as regions of the trajectories that cross directly from the unfolded well to the folded well, specifically crossing between the Q values corresponding to the two vertical blue lines in Fig. 1A (two example TPs are highlighted). Transition states are then defined as the configurations x that are most predictive of being on TPs [i.e., for which the conditional probability P(TPjx) is highest, with a maximum possible value of 1/2 for diffusive dynamics] (55). An ideal reaction coordinate Q could be considered as one that localizes only transition states at a single value of Q(x), that is, for which the projected P(TPjQ(x)) is as close as possible to 1/2 (i.e., avoiding overlap of transition states with other nonreactive states). The latter quantity can be straightforwardly computed from equilibrium trajectories using Bayes theorem via PðTPjQÞ = PðQjTPÞPðTPÞ=P eq ðQÞ , where P(QjTP) is the probability density of Q on TPs (Fig. 1C) , P(TP) is the fraction of time spent on TPs, and P eq (Q) is the equilibrium distribution of Q (Fig.  1B) . As shown in Fig. 1D , P(TPjQ) attains a value of ∼0.46, close to the theoretical maximum of 0.5, at a Q value of ∼0.5 for the G o model. Remarkably, however, P(TPjQ) also reaches a similar value of ∼0.45 at a Q value of ∼0.67 in the all-atom force field model, showing that Q is a coordinate of similar quality in that case also. Note that the positions of the maxima on Q may differ due to the different resolutions of the models and consequent differences in the definitions of Q.
Will Q also be a good coordinate in the other all-atom simulations? We have applied the same test to all the proteins studied by Shaw and coworkers (40, 41, 44) , which (i) have a folding free energy barrier when projected onto Q and (ii) have at least 20 residues. This list comprises BBA (1FME), villin subdomain HP35 (1YRF), NTL9, Trp cage (2JOF), α 3 D (A3D), the designed protein G already mentioned (NuG2), ubiquitin, a fast-folding WW domain mutant (GTT), and λ-repressor (lambda). Note that we are analyzing the wild type villin (44) rather than the fast folding mutant (although comparable results are obtained for the latter). For each of these proteins, we have identified TPs using a similar scheme to that for protein G; a full summary of simulation statistics and the bounds used to define unfolded and folded states is given in SI Appendix, Table S1 . In SI Appendix, Fig. S1 , we present the corresponding free energy surfaces F(Q) and Bayesian criterion P(TPjQ). Remarkably, we find that in all these cases, spanning a range from 20 to 80 residues and with folding times from the microsecond to the millisecond time scales, the function P(TPjQ) is sharply peaked with a maximum near 1/2. In SI Appendix, Fig. S2 , we show that consistent results are obtained where k B is Boltzmann's constant and T is the absolute temperature; solid curve) and corresponding equilibrium probability density P eq (Q) (broken red curve). (C) Probability density of Q on TPs, P(QjTP). (D) Conditional probability P(TPjQ) of being on a TP for a given value of Q (solid curve); the broken red line shows the theoretical maximum of P(TPjQ) of 0.5. In each plot, the vertical blue lines show the boundaries used to define TPs and the vertical green line shows the Q with the highest value of P(TPjQ).
for the distribution of P(TPjQ) for a range of reasonable choices for the boundaries of the folded and unfolded states. In some cases, P(TPjQ) exceeds 1/2, although with large statistical uncertainties in the estimate arising from a small number of TPs in those instances. Thus, in all these cases, it appears that formation of native contacts alone, as captured by Q, is sufficient to locate transition states.
The finding that Q is a good coordinate for off-lattice G o model simulations and for atomistic folding simulations is in contrast to results showing that Q is often a poor coordinate for lattice model simulations of folding (59). Because we have not yet explored this discrepancy, we can only speculate that it may relate to topological frustration (12, (60) (61) (62) due to the limited local move set typically used in lattice folding simulations, such that structures with relatively high Q may still require many moves to reach the folded state.
However, the quality of Q as a reaction coordinate here does not indicate which native contacts are indicative of being on TPs and leaves open the possibility that nonnative contacts may also be indicative (but the total number of nonnative contacts, shown in SI Appendix, Fig. S3, is not a good folding coordinate) . To determine the relevance of individual native and nonnative contacts, a contact-specific metric is required. We have devised two such metrics, as described below.
Contact Lifetime Test. We first consider the relative lifetimes of contacts on TPs and in the unfolded state. The choice of this quantity is motivated by the expectation that contacts contributing to the folding mechanism would, on average, have longer lifetimes during the TPs. We define contact formation to occur when any two heavy atoms from two different residues that are not yet forming a contact come within 3.5 Å of each other, and contact breaking to occur when the distance between the nearest two heavy atoms of a residue pair forming a contact becomes greater than 8 Å. The reason for this assignment, based on TPs for contact formation, is to suppress any apparent reduction of the contact formation/breaking times that would be obtained due to recrossing when using a single dividing surface (63) . In SI Appendix, Fig. S4 , we show that the results are robust to the choice of these threshold distances. To compare the average contact lifetimes on TPs, t TP , and in the unfolded state, t U , we plot in Fig. 2 their log-ratio, log 10 [t TP /t U ], for each of the nine proteins under consideration. By comparing log 10 [t TP /t U ] (Fig. 2 , above diagonal) with the native contact map (Fig. 2 , below diagonal), it is clear that positive values of log 10 [t TP /t U ] tend to be associated with native contacts. It is also clear, as might be expected, that not all native contacts are equally important by this metric, as discussed further below.
To quantify the relation between log 10 [t TP /t U ] and native contacts better, we have plotted in Fig. 3 A and B the cumulative distributions of log 10 [t TP /t U ] for native and nonnative contacts for villin and ubiquitin as representative of the smallest and fastest and the largest and slowest extremes of the protein dataset (distributions for the other proteins are given in SI Appendix, Fig.  S5 ). The distribution of log 10 [t TP /t U ] for native contacts is substantially shifted toward positive values. By contrast, the distribution for nonnative contacts is centered on zero and is approximately symmetrical. We can show that the width of this distribution mostly comes from statistical errors and does not reflect any special role of nonnative contacts by computing a control distribution of log 10 [t U* /t U ] for nonnative contacts formed during a synthetic set of "TPs" comprising short segments chosen, without replacement, from the unfolded portion of the trajectory to have the same length distribution as the real TPs. The cumulative distribution for this reference dataset has been shaded in Fig. 3 such that any distribution skewed toward longer log 10 [t TP /t U ] will appear in the unshaded region of the plot. For all the proteins, there is a strong similarity of the control distribution for log 10 [t U* / t U ] to that of log 10 [t TP /t U ] for nonnative contacts, indicating that statistical noise largely explains the width of the distribution. The distribution for nonnative contacts does have a slight tail within this unshaded region, suggesting that some nonnative contacts may be significant. Because such a tail may be visually suppressed in a cumulative distribution due to the large number of other nonnative contacts, in Fig. 3 C and D, we also plot the unnormalized tail distributions for villin and ubiquitin contact lifetimes, that is, the absolute number of each type of contact for which log 10 (t TP /t U ) is greater than a certain value. Presented this way, the number of nonnative contacts that are long-lived on TPs appears more comparable to that for native contacts. Another possibility, however, is that they are merely close to long-lived native contacts. To test this hypothesis, we have removed from the set of nonnative contacts any contact between a pair of residues (k, l) with a Manhattan distance to a native contact between a pair of residues (i, j) of 4 or less, that is, ji − kj + jj − lj ≤ 4, where i, j, k, and l are the positions in the amino acid sequence. This almost completely eliminates the tail at large log 10 [t TP /t U ] from the resulting distribution of nonnative contact lifetimes. The results for the other proteins (shown in SI Appendix, Figs. S5 and S6) show a similar pattern, with the exception of α 3 D, as discussed further below. The clear separation in the distributions of native and nonnative contact log-lifetime ratios suggests that, for the proteins studied, nonnative contacts play a negligible role in determining folding mechanism.
Bayesian Contact Test. One general caveat to the above analysis is that a nonnative contact might have the same average lifetime during a TP and in the unfolded state yet be formed more frequently on TPs than in the unfolded state, suggesting that its formation is important for the mechanism. A second consistency test, which also addresses this caveat, is to identify those contacts that are best able to distinguish TPs from the unfolded state. To do this, only the nonnative segments of the trajectory were considered, that is, excluding the folded state but including TPs. We asked, given that a contact q ij is formed between residues i and j (as defined above), what is the probability that the protein is on a TP [i.e., P(TPjq ij ) nn ]? The subscript "nn," meaning "nonnative," indicates that the segments of the trajectory corresponding to the folded state are excluded from this analysis, because native contacts will almost always be formed there. Using Bayes theorem, this conditional probability can be expressed in terms of quantities that can be straightforwardly computed from the equilibrium simulations,
where P(q ij jTP) nn is the probability that a given contact is formed on TPs (i.e., the fraction of time for each of the TPs in which the contact is present), P(TP) nn is the probability of being on a TP (the fraction of the total nonnative portion of trajectory spent on TPs), and P(q ij ) nn is the probability (fraction of time) of a given contact in the total nonnative portion of the trajectory. (Fig. 4) results in a similar picture to that obtained from the lifetimes (Fig. 2) , but with some quantitative differences. Regions of high P(TPjq ij ) nn are typically located in the vicinity of native contacts, with long-range contacts showing up prominently as being indicative of TPs. Although the cumulative distribution of P(TPjq ij ) nn for nonnative contacts for ubiquitin and villin indicates that most values are near zero (Fig. 3 E  and F ; data for other proteins are given in SI Appendix, Fig. S7 ), the tail distributions again indicate a number of nonnative contacts with higher P(TPjq ij ) nn (Fig. 4 G and H ; data for other proteins are given in SI Appendix, Fig. S8 ). However, as was the case for the lifetime analysis, this tail arises primarily from nonnative contacts that happen to be near native contacts. Indeed, by excluding nonnative contacts that are proximal to native contacts, as defined above, the tail at high P(TPjq ij ) nn for nonnative contacts is essentially eliminated. By contrast, the distribution for native contacts has a significant tail at higher values, arising from individual amino acid contacts that are central to the folding mechanism. One might ask whether the observation that nonnative contacts proximal to native contacts are more long-lived and more indicative of being on a TP is due merely to geometric constraints, as we have thus far implied, or whether they have been specifically optimized to guide the correct formation of native contacts. We can discriminate between these possibilities by applying our two 3 . Distributions of lifetime ratios and P(TPjq ij ) nn for native and nonnative contacts. The cumulative distributions of the log-ratio of contact lifetimes on TPs and in the unfolded state are shown for ubiquitin (A) and villin (B) with the distribution (Dist.) for native contacts in black, that for nonnative contacts in red, that for nonnative contacts not close to native contacts (definition is provided in main text) in blue, and that for nonnative contacts from a synthetic reference dataset in which synthetic TPs are selected randomly without replacement from the unfolded state in brown. The distribution for the reference dataset is shaded such that any distribution skewed to longer log 10 [t TP /t U ] will appear in the unshaded region. The corresponding unnormalized tail distributions [i.e., the absolute number of contacts for which log 10 (t TP /t U ) is greater than a given value] are shown for ubiquitin (C) and villin (D), respectively. The cumulative distributions of P(TPjq ij ) nn for contact pairs (i, j ) are given for ubiquitin (E) and villin (F ) using black for native contacts, red for nonnative contacts, and blue for nonnative contacts not close to native contacts (as defined in the main text). The analogous tail distributions for P(TPjq ij ) nn are given for ubiquitin (G) and villin (H), respectively. Corresponding plots for the other proteins are given in SI Appendix, Figs. S4-S7. Fig. 4 . Bayesian measure for contacts on TPs. For each protein, the quantity P(TPjq ij ) nn is plotted for each pair of residues (i, j) for j > i, whereas the native contact map, colored by number of native contacts, is shown for j < i.
tests to the folding of the G o model of protein G discussed earlier, in which all nonnative interactions are simple short-ranged repulsions. The results, presented in SI Appendix, Fig. S9 , show that, even in this case, the proximal nonnative contacts are indicative of TPs and more long-lived. Therefore, geometric constraints are a sufficient explanation of our observations on proximal nonnative contacts in the all-atom case.
Of course, not all native contacts are equally important, as may be expected from differences in relative strength, or in sequence separation. An interesting observation is that those contacts with high P(TPjq ij ) nn tend to be anticorrelated with those that have a high frequency of formation in the unfolded state P unf (q ij ). That this should be so follows from the definition of P(TPjq ij ) nn or by considering that formation of these persistent contacts would, by themselves, not indicate an increased likelihood of folding. A good example is the N-terminal hairpin of the protein G variant NuG2, which is largely formed in the unfolded state and plays little role in determining TPs. However, this conclusion suggests that although interactions observed in the unfolded state may affect the folding kinetics via their influence on unfolded state stability (64) , according to our analysis, those interactions would not be expected to be important on TPs (i.e., in deciding the likely outcome of a possible folding transition).
We have mainly considered the possibility that nonnative contacts may influence folding mechanism through their formation. An alternative possibility is that the breaking or absence of specific nonnative contacts may play a role in folding. To investigate this, we have computed the complementary quantity PðTP q ij Þ nn , the probability of being on a TP, given that the contact between residues i and j is not formed. This is closely related to the former quantities, being given by PðTP q ij Þ nn = ð1 − Pðq ij jTPÞ nn ÞPðTPÞ= ð1 − Pðq ij Þ nn Þ. The analysis, shown in SI Appendix, Fig. S10 , gives only very low values for PðTP q ij Þ nn ; indicating that the absence of contacts is not predictive of TPs, and therefore that breaking of specific nonnative contacts is also not significant mechanistically.
However, in the designed protein α 3 D (65, 66), nonnative interactions appear to play a significant role, even though they are not proximal to the native contacts. For this protein a distinct pattern of nonnative contacts between helices exists (Fig. 5 ). Because these are essentially shifts of helix register, a possible explanation may lie in the repeating pattern within the sequence of each helix in this designed protein. This pattern may allow these helices to associate with a nonnative register shift. Indeed, a closer examination of the α 3 D TPs clearly shows this to be the case. In Fig. 5B , we show a superposition of contact maps for a sequence of structures extracted from the same TP (Fig. 5C ). As is evident from comparing Fig. 5 A and B , the contacts present in these contact maps, many of them nonnative, are the same as those with nonzero P(TPjq ij ) nn . The structures giving rise to these nonnative contact maps are indeed those with "offregister" helix packing. A similar pattern observed for the λ-repressor suggests that this may be a more generic feature of helical proteins and may be related to the increased internal friction observed in certain spectrin repeats (67, 68) . The additional slight frustration for α 3 D may also be the consequence of optimizing a structure for stability, a phenomenon observed in a more dramatic fashion in another designed protein, Top7 (54) . As in protein-protein binding (69), designing not only for overall stability but explicitly against nonnative interactions should result in more facile self-assembly processes.
One might ask if the set of proteins chosen, including many fast folders, may be biased toward proteins with ideally funneled landscapes, and therefore the potential influence of nonnative interactions may be suppressed. For example, if folding and collapse were nearly simultaneous in the chosen sequences, there may be little opportunity for frustration due to nonnative contacts (70, 71) . In fact, we find that in the MD simulations these chains are almost always quite compact, with the average radius of gyration in the unfolded and transition states being no more than ∼10% larger than that of the folded state for almost all the proteins (SI Appendix, Figs. S11 and S12). Whether or not such compact denatured states are in accord with experiment, it is clear that they should provide ample possibilities for the formation of nonnative contacts. Thus, the lack of a role for nonnative contacts in folding mechanism observed here is not just a consequence of relatively expanded nonnative states.
Conclusions
Our findings generally support the view that native interactions are the key to determining folding mechanism for most small proteins, in agreement with the expectations for a landscape designed such that energy is correlated with native structure formation. In most cases, nonnative interactions (aside from those immediately adjacent to native contacts) play no role in determining mechanism. This overall consistency between a native-centric mechanism and the full MD simulations with a generic, transferable energy function mirrors findings based on lattice models for protein folding by Gin et al. (72) , who concluded that although nonnative contacts influence stability and rates, they play a limited role in determining the mechanism.
The many experimental and computational studies that have invoked an important role for nonnative contacts are not necessarily in contradiction with our results. Nonnative contacts can influence folding in many ways, reducing the folding rate via local energetic traps or by modulating the free energy landscape. Many studies have inferred such a role for nonnative interactions. In fact, by the nature of our analysis, we cannot comment directly on these effects. However, our analysis of the MD folding simulations for a range of proteins strongly suggests that specific nonnative interactions are largely irrelevant for determining the mechanism of their folding. 
